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Abstract Shrub willow has great potential as a dedicated
bioenergy crop, but commercialization and adoption by
growers and end-users will depend upon the identification
and selection of high-yielding cultivars with biomass chem-
istry and quality amenable to conversion to biofuels and
bioenergy. In this study, critical traits for biomass produc-
tion were evaluated among new genotypes of shrub willow
produced through hybrid breeding. This study assessed the
variation in yield, pest and disease resistance, biomass com-
position, and wood density in shrub willow, as well as the
impact of genotypic and environmental factors on these
particular phenotypes. Analysis of clonal genotypes estab-
lished on two contrasting sites in New York State, Tully and
Belleville, showed statistical differences by site for all of the
traits. The greatest yield was observed at Belleville, NY, for
two cultivars, ‘Fish Creek’ (41 Mgha−1) and ‘Onondaga’
(40 Mgha−1). Yields of Salix eriocephala genotypes were
lowest, and they displayed susceptibility to rust and beetle
damage. Variation in cellulose content in the stem biomass
was controlled by environmental factors, with the majority
of the genotypes displaying greater cellulose content at
Belleville compared with Tully. In contrast, wood density
was significantly greater at Tully than Belleville, and cellulose
content was correlated with wood density. There were no
significant correlations between biomass yield and density or
any of the composition traits. These trials demonstrate that
new genotypes produce improved yield and pest and disease
resistance, with diverse compositional traits that can be
matched with conversion technologies.
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Introduction
Characterized by rapid juvenile growth, genetically diverse
genotypes of shrub willow (Salix spp.) are being domesti-
cated for use as a bioenergy crop in short-rotation coppice
systems. The advancement of shrub willow as a bioenergy
crop is gaining interest on a worldwide scale, particularly in
North America and Europe [1–3]. The environmental and
rural developmental benefits associated with shrub willow
make it an attractive option for the production of renewable
energy and bioproducts [4]. Willows are perennial, out-
crossing species in which hybridization can occur in nature.
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They are members of the genus Salix, family Salicaceae,
which is strictly dioecious. The natural sexual reproductive
habit of shrub willow highlighted by out-crossing of long-
lived dioecious plants of multiple overlapping generations
within large populations has allowed the species to maintain
high levels of genetic diversity and heterozygosity within
the population as well as between populations [5]. Sampling
of natural populations has provided a large gene pool of
variation for potential genetic improvement.
The domestication and genetic improvement of Salix for
bioenergy began in Sweden in the mid-1970s spurring wil-
low research in Ontario, Canada, soon after leading to
research and development in the United States in 1986
[6–8]. In the mid-1990s, breeding of shrub willow began
in New York State for the development of an improved crop
suitable for the Northeastern and Midwest U.S. Many Euro-
pean cultivars were imported and tested, but it was soon
discovered that these were susceptible to damage by potato
leafhopper (Empoasca fabae Harris). The breeding of shrub
willow in New York State has produced genotypes through
intraspecific crosses as well as novel species hybrids through
controlled interspecific hybridization that are more suitable to
the environment in North America [8].
Major traits for shrub willow biomass production include
biomass yield, pest and disease resistance, wood density,
and biomass composition. Even though biomass yield may
be considered the most critical trait, it is necessary to un-
derstand how pest and disease damage as well as wood
density and composition will impact economic yield. As
more emphasis is placed on using willow as a feedstock
for biofuels, the chemical composition of the biomass will
become more important, since the composition has been
demonstrated to have impact on conversion efficiency [9].
Ideally, selection of high-yielding novel cultivars will gen-
erate diversity of biomass chemical composition that can be
matched to a particular conversion technology [10–12].
Therefore, one goal of our breeding program is to develop
pedigrees with transgressive segregation of compositional
traits coupled with high yield.
Wood formation through the successive seasonal growth
of secondary xylem is highly responsive to environmental
influences, in addition to the underlying genetic control of
lignocellulosic deposition [13]. Nitrogen fertilization studies
with poplar have indicated strong effects on wood proper-
ties, including increased cellulose content, reduced lignin,
reduced density, and thicker cell walls [14–16]. Site inter-
actions and environmental factors have also been docu-
mented to have significant impacts on wood density
[17–19]. There is also increasing evidence that suggests a
strong inverse relationship between growth and lignin con-
tent [20, 21]. These results imply that selection for improved
growth rates would concomitantly result in reduced lignin
content, a trait that is considered highly desirable for pulp
and paper production and for the biological production of
biofuels, while feedstocks with greater lignin yield more
energy in thermochemical systems [22, 23]. Biomass yield
is controlled by carbon sequestration abilities, carbon allo-
cation, and the availability of nitrogen, as the most limiting
nutrient for growth and carbon sequestration [24]. The inter-
relationship among these wood properties and yield are of
particular interest in this study, as well as the level of
observed variation among the selected genotypes.
Additional interests of this study were to characterize the
incidence of willow leaf rust (Melampsora spp.) and beetle
damage on the willow genotypes to determine if incidence
of rust and beetle damage impacts yield potential in these
particular genotypes. Willow rust is a very important threat
to willow [25–28]. The fungus attacks leaf tissue, leading to
premature defoliation, subsequently having an impact on
carbon sequestration and biomass growth [29]. Chrysomelid
beetles also cause extensive damage to willow in the U.S.
and Europe [30–32]. In North America, imported willow
beetle (Plagiodera versicolora Laicharting), native willow
beetle (Calligrapha multipunctata), and the Japanese beetle
(Popillia japonica Newman) are the most widespread beetle
pests on willow [33, 34]. Feeding on leaf tissue can have a
significant impact on yield in susceptible genotypes [32].
We hypothesize that novel species hybrids involving species
resistant to rust and beetles, such as Salix miyabeana, will
produce high-yielding resistant progeny.
This project focused on the characterization of shrub
willow genotypes that were produced in 1998 and 1999,
as well as parental reference genotypes and genetically
diverse accessions obtained from naturally established
stands within the Northeastern U.S. For willow, breeding
strategies benefit from maximizing the phenotypic varia-
tion in progeny families to increase the probability of
identifying exceptional individuals. With clonal propaga-
tion, scale-up of elite individuals is done asexually and
does not require annual production of large, stable seed
stocks with high population means for quantitative traits.
However, there is ample evidence of genotype by environ-
ment interactions from both willow and poplar breeding. To
evaluate the genotypic and environmental influences on
important biomass traits, 18 genotypes were selected for
evaluation in replicated yield trials established on two sites
in Tully and Belleville, NY. The objectives of this study
were: (1) to report on the breeding and selection of
genotypes representing novel species hybrids of shrub
willow and their biomass growth potential on two NY
sites; (2) to quantify incidence of rust and beetle damage
among these novel genotypes on sites with varying pressure;
(3) to describe variation in wood properties among these novel
genotypes in relation to soil and environmental conditions; (4)
to examine the relationship between wood properties and
biomass yield.
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Materials and Methods
Breeding and Selection of Novel Willow Genotypes
Willow breeding was performed in 1998 and 1999 by Richard
Kopp producing over 2,000 progeny from more than 100
unique crosses, including interspecific crosses of Salix sacha-
linensis × Salix purpurea, Salix viminalis × S. miyabeana, S.
purpurea × S. miyabeana, and S. sachalinensis × S. miya-
beana, as well as intraspecific crosses of S. purpurea and Salix
eriocephala. The breeding strategy was to produce new gen-
otypes with improved yield and pest and disease resistance
compared with the natural accessions and cultivars obtained
from the Louis Zsuffa breeding program in Canada [35]. The
progeny from successful crosses in 1998 and 1999 were
planted in non-replicated Family Screening Trials at LaFayette
Road Experiment Station, Syracuse, NY. Each trial was cop-
piced after the first growing season and then was measured
each of the two following growing seasons for total stem area,
height, and incidence of pests and diseases. The best individ-
uals from these data were scaled-up and tested in selection
trials planted in 2001 and 2002 at the Tully Genetics Field
Station in Tully, NY. The replicated, multi-plant plots in these
trials were measured for growth traits and evaluated for pest
and disease resistance over multiple years. Based on their
growth and form, 13 genotypes were selected to test further
in yield trials located in Tully and Belleville, NY, together
with four reference cultivars and one natural accession
used as a parent (Table 1). Of the 18 genotypes in these trials,
four (‘SV1,’ ‘SX61,’ ‘SX64,’ and ‘S25’) are considered
reference genotypes. They have been used as parents for many
crosses and have been included repeatedly in selection and
yield trials. The genotype 94001 (S. purpurea) was collected
in 1994 in NY and has also been used as a parent in several
crosses. These replicated yield trials were planted to test the
yield potential and impact of contrasting environmental con-
ditions on the performance of specific willow genotypes.
Site Characteristics
Trials were established in Tully, NY, at the Tully Genetics
Experiment Station, State University of New York College
of Environmental Science and Forestry (42°47′30″N,
076°07′30″W), and in Belleville, NY, at Belleville-
Henderson Central School (43°47′19″N, 076°07′49″W).
Mean annual precipitation and mean annual air temperature
fall within similar ranges for both locations. The soil at Tully
is a well-drained to excessively well-drained Palmyra gravelly
loam with a depth to water table of greater than 203 cm [36].
The soil at the Belleville site is well-drained to moderately
well-drained Galway silt loam with a depth to seasonal high
water table ranging from 46 to 102 cm and a depth to bedrock
of 51–102 cm [37]. Soil samples were taken from all four
replicate plots at each site, Belleville, NY, and Tully, NY. Soil
probes were used to collect soil cores to a depth of 25 cm. A
total of eight cores per block were collected and pooled, and
the homogenized sample for each block was analyzed by the
Cornell Nutrition Analysis Laboratory (Ithaca, NY). Mean
values were calculated from the four samples (Table 2). Pre-
cipitation records for the two locations were obtained from the
Table 1 Shrub willow geno-
types studied in the 2005 Tully
and Belleville yield trials
Clone ID/cultivar epithet Species/pedigree Source
SV1 S. × dasyclados University of Toronto
SX61 S. sachalinensis University of Toronto
SX64 S. miyabeana University of Toronto
S25 S. eriocephala University of Toronto
94001 S. purpurea Blossvale, NY
9832-49 S. eriocephala (95306) × S. eriocephala (95061) Bred in 1998
9837-77 S. eriocephala (95311) × S. eriocephala (95061) Bred in 1998
Fish Creek S. purpurea (94006) × S. purpurea (94001) Bred in 1998
Onondaga S. koriyanagi (SH3) × S. purpurea (94002) Bred in 1999
Allegany S. koriyanagi (SH3) × S. purpurea (95058) Bred in 1999
Oneonta S. purpurea (94006) × S. miyabeana (SX64) Bred in 1998
Oneida S. purpurea (94006) × S. miyabeana (SX67) Bred in 1999
Millbrook S. purpurea (95026) × S. miyabeana (SX64) Bred in 1999
Sherburne S. sachalinensis (SX61) × S. miyabeana (SX67) Bred in 1998
Canastota S. sachalinensis (SX61) × S. miyabeana (SX64) Bred in 1999
Otisco S. viminalis (SV2) × S. miyabeana (SX64) Bred in 1999
Tully Champion S. viminalis (SV2) × S. miyabeana (SX67) Bred in 1999
Owasco S. viminalis (SV7) × S. miyabeana (SX64) Bred in 1999
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Northeast Regional Climate Center from weather stations in
Tully, NY, and Lacona, NY.
Trial Establishment and Harvest
The two site locations were prepared by moldboard plowing
and cross-disking prior to planting. The Tully location was
fallow, and the Belleville field was cultivated in corn the
year prior to planting. The same suite of clones were hand-
planted at the two sites in May 2005 using 25-cm cuttings in
double-row spacing at a density of 15,000 plants ha−1. Each
genotype was planted in plots with three double-rows and 13
plants per row, for 78 plants per plot. Each trial was a ran-
domized complete block design with four blocks per site. Pre-
emergent herbicides, oxyfluoren (Goal 2XL, 1.1 kg ai ha−1)
and simazine (Princep, 2.2 kg ai ha−1), were applied immedi-
ately after planting. In July 2005, the sites were hand-weeded,
and herbicides were spot-applied. In January 2006, the trials
were coppiced at the end of the first growing season and
measured for survival. In June 2006, at the beginning of the
first growing season post-coppice, the trials were fertilized
with urea at 100 kgN ha−1. After the third post-coppice season
in December 2008, aboveground biomass was harvested.
Biomass yield was measured by weighing all of the
stems cut from the middle 18 plants in each plot. Yields
were not adjusted based on plant survival but rather
scaled up based on plot area. A sub-sample from three
representative stems was collected, dried, and weighed
to determine moisture content at harvest, which allowed
estimation of dry weights. In addition, for biomass
compositional analysis, all the stems from two plants
from outside the measurement plot were harvested and
chipped from only the first three blocks (the fourth
block was not measured for composition). The chips were
dried to a constant weight at 65 °C and ground in a Wiley mill
through a 20-mesh screen. An additional 25-cm section was
collected from the middle of a typical canopy stem of one
plant in each plot to determine wood density by volumetric
displacement [38].
Survey of Rust Incidence and Beetle Damage
Surveys for beetle damage and incidence of rust were per-
formed three times per year during the 2006, 2007, and 2008
growing seasons. Beetle damage was assayed as percent
defoliation determined by the percentage of total leaf area
consumed on a subset of four main canopy stems from one
plant per plot and averaged for all replicates and years.
Disease ratings for rust and area under the disease prog-
ress curves (AUDPC) were based on the midpoint value of
percent incidence observed on ten randomly selected leaves
from one stem from one plant in each plot. Rust incidence
on each leaf was rated using the ‘Rust Assessment Key’
from McCracken and Dawson [39]. Area under the disease
progress curve was calculated according to the formula:
P
xi þ xi1ð Þ 2=½  ti  ti1ð Þð Þ where xi is the rating at
each evaluation time and (ti−ti−1) is the time between evalua-
tions in days. Since the incidence of rust was different for the
3 years measured, years were analyzed separately and not
averaged together across years.
High-Resolution Thermogravimetric Analysis
Willow biomass samples were analyzed using a Thermog-
ravimetric Analyzer 2950 (TA Instruments, New Castle,
DE) with the TA Universal Analysis 2000 software accord-
ing to Serapiglia et al. [10]. Each field replicate sample from
the first three blocks of the trial was analyzed once and the
means determined for each trial. Traits obtained from this
analysis were percent cellulose, hemicellulose, lignin, and
ash content as a proportion of the total biomass. The method
used was ‘high-resolution dynamic’ with a heating rate of
20 °C min−1, a final temperature of 600 °C, a resolution of
4.0, and a sensitivity value of 1.0. The electrobalance was
purged with nitrogen at a flow rate of 44 mL min−1, and the
furnace was purged with compressed air with a flow rate of
Table 2 Site characteristics for Tully, NY, and Belleville, NY
Site characteristics Tully Belleville
Latitude 42º 47′ 30″ N 43º 47′ 19″ N
Longitude 76º 07′ 30″ W 76º 7′ 49″ W
Elevation (m) 396 139
Soil type Palmyra Galway
2005 Precipitation
(May–August; cm)
32.23 36.22
2006 Precipitation
(May–August; cm)
65.63 40.41
2007 Precipitation
(May–August; cm)
32.46 21.77
2008 Precipitation
(May–August; cm)
34.11 57.12
Phosphorus (mg kg−1)* 2.36±0.13 7.80±1.51
Potassium (mgkg−1)* 77.18±2.53 109.42±9.55
Magnesium (mg kg−1)* 71.59±5.81 51.83±1.90
Calcium (mg kg−1)* 919.30±49.14 2888.47±356.43
Iron (mg kg−1)* 34.61±1.74 3.95±0.61
Aluminum (mg kg−1)* 119.28±7.04 23.15±4.43
Manganese (mg kg−1) 32.14±2.40 25.88±2.50
Zinc (mg kg−1) 0.74±0.08 0.60±0.04
Nitrate (mg kg−1)* 0.14±0.14 3.92±1.31
Ammonium (mg kg−1)* 15.92±0.77 12.44±0.96
pH* 4.99±0.03 6.49±0.11
Buffer pH* 4.97±0.12 6.15±0.10
% Organic matter 3.23±0.14 3.25±0.25
*Soil properties in bold were significantly different by site
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66 mL min−1. For each analysis, 10 mg of unextracted dry
tissue was used. Each thermogram generated was individually
analyzed for cellulose, hemicellulose, and lignin by identify-
ing the thermal events associated with each compound on the
derivative curve according to Serapiglia et al. [10].
Statistical Analysis
All statistical analyses were performed using SAS® version
9.2 at a critical α level of 0.05 [40]. Normality of distribu-
tion for each trait was checked by Kolmogorov D and
Shapiro–Wilk’s statistic W and graphically by normal-
probability plots and histograms using SAS PROC UNI-
VARIATE. No transformation of the data was required.
Only for yield data were outliers removed. For 94001 and
‘SV1,’ the weight of one replicate was two- to three-fold
greater than those of the other replicates, probably due to
procedural error during weighing, and thus they were re-
moved before further analysis.
PROC MIXED was used to perform analysis of variance,
and restricted maximum likelihood method was used to
estimate the significant effects of the two factors, site and
genotype, and to calculate the variance components for the
random effect, block nested within site. When a significant
difference (P<0.05) was observed, Tukey’s mean studen-
tized range test was used for pairwise comparisons among
genotypes at each site using PROC GLM. PROC CORR
was used to identify any significant correlations among
variables obtained in this study except beetle damage. Prin-
ciple component analysis (PCA) was performed using
PROC FACTOR to analyze all data for all traits except
beetle damage. Correlations and PCA were performed on
only three replicates since compositional data were only
performed on the first three replicates. In addition to the
above analyses, a separate independent model was created
to analyze taxa using PROC MIXED where site and taxon
were the fixed effects and block nested within site was the
random effect. Genotype and taxon were kept independent
of each other because combining both taxon and genotype
into the same model led to nesting of genotype within taxon,
preventing comparison of all genotypes with each other.
Results
Biomass Yield
For six of the 18 genotypes examined, biomass yield was
significantly greater at the Belleville location, compared with
Tully (Fig. 1; Table 3). There was not a significant difference
in survival between the two sites (Supplemental Table 1). For
yield, the main effect of location was not significantly
different, but genotype and the interaction between the two
main effects were significantly different (p value<0.0001;
Fig. 1 Dry biomass yield
(mean + SE) after 3 years of
growth at Tully and Belleville,
NY. Asterisks indicate
significant differences between
the two sites at p00.05
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Supplemental Table 2). Pair-wise comparisons showed ‘SV1,’
‘Onondaga,’ ‘Fish Creek,’ ‘Allegany,’ 9837-77, and 9832-
49 had significantly greater yield at Belleville compared
with Tully. The four genotypes with the greatest yield at
Belleville were ‘Fish Creek,’ ‘Onondaga,’ ‘SV1,’ and ‘Mill-
brook,’ with yields ranging from 13.6 to 11.2 Mg
ha−1 year−1 (Table 3). At Tully, the greatest yields were
from ‘SX61,’ ‘Oneonta,’ ‘SX64,’ and ‘Canastota,’ ranging
from 11.0 to 10.2 Mg ha−1 year−1. Analysis by taxa also
showed significant differences by taxon, location, and an
interaction (Supplemental Table 3). In pair-wise compari-
sons, Salix koriyanagi × S. purpurea, S. eriocephala, and
Salix × dasyclados were significantly different by site. Total
biomass after 3 years of growth was greatest at Belleville,
with an average yield of 29.8 Mg ha−1, compared with
Tully, with an average yield of 26.7 Mg ha−1. The variation
in yield observed among the genotypes was greater at
Belleville with a %CV of 24.84 (Table 4).
Incidence of Rust
Observed incidence of rust was most prevalent on the S.
eriocephala genotypes (‘S25,’ 9837-77, and 9832-49;
Fig. 2). There was a low incidence of rust on S. purpurea
genotypes in 2006 but not in 2007 or 2008. No other geno-
types displayed visual signs of rust over the three growing
seasons except for a mild incidence observed on ‘Allegany’ in
2006 and 2008.
Beetle Damage
Beetle damage was observed on all genotypes at both sites
(Fig. 3). Significant differences among genotypes were ob-
served, as well as a significant interaction between genotype
and site (Supplemental Table 2). There was an interaction
between taxon and location (Supplemental Table 3), and
pairwise comparisons indicated that only the S. viminalis ×
S. miyabeana genotypes (‘Otisco,’ ‘Owasco,’ and ‘Tully
Champion’) had significantly greater beetle damage at Bel-
leville than at Tully. ‘SV1’ and 9832-49 had the greatest
beetle damage at Belleville, and 9837-77 and 9832-49 had
the greatest damage at Tully.
Biomass Composition
Cellulose composition was significantly different by both
genotype and location; however, the interaction was not
significant (Fig. 4; Supplemental Table 2). Cellulose content
at Belleville across all the clones averaged 42.3 %±0.3 and
was significantly greater than cellulose content at Tully with
an average of 41.0 %±0.2 (pvalue 0.028). The greatest
cellulose content was observed in ‘Tully Champion’ and
9837-77 at Belleville. There was no significant difference
by site for hemicellulose or lignin content, but there was a
significant interaction between genotype and site. For all
three biomass components, the variation among the geno-
types was low, with %CV below 5 (Table 4). Across both
sites and genotypes, cellulose content ranged from 38.7 % to
44.5 %, whereas lignin ranged from 20.9 % to 24.1 %.
Hemicellulose showed the least variation, 30.1 % to
33.6 %. Analysis of the data grouped by taxa showed a
Table 3 Biomass yield in oven dry tonnes per hectare per year for
each genotype at each location, Tully, NY, and Belleville, NY
Cultivar* Belleville yield Cultivar Tully yield
Mg ha−1 year−1 Mg ha−1 year−1
Fish Creek 13.58 SX61 10.95
Onondaga 13.17 Oneonta 10.77
SV1 12.70 SX64 10.48
Millbrook 11.24 Canastota 10.23
94001 11.23 Otisco 10.14
Oneida 10.77 Tully Champion 10.04
Owasco 10.62 Oneida 9.94
SX61 10.53 Fish Creek 9.81
Allegany 10.28 94001 9.77
Oneonta 9.67 Millbrook 9.56
Tully
Champion
9.53 Sherburne 9.06
Otisco 9.20 Owasco 8.93
9837-77 8.82 Onondaga 8.55
Sherburne 8.62 SV1 8.54
Canastota 8.30 Allegany 8.52
S25 7.74 S25 6.22
SX64 7.73 9837-77 5.43
9832-49 6.48 9832-49 3.54
*Ranked according to yield at each site. Annual production was
calculated by dividing mean trial yields by 3
Table 4 Phenotypic variation observed for all traits among 18 willow
genotypes from two different sites
Tully Belleville
Phenotype Mean ± SE %CV Mean ± SE %CV
% Cellulose 41.01±0.22 4 42.34±0.26 4
% Hemicellulose 32.32±0.14 3 31.94±0.15 3
% Lignin 22.34±0.14 5 22.04±0.12 4
% Ash 1.14±0.09 57 1.93±0.15 58
Wood density (g cm−3) 0.43±0.01 8 0.40±0.01 12
Yield (Mgha−1) 26.74±0.73 23 29.84±0.87 25
Rust 2006 (AUDPC) 238.30±55.70 198 243.03±76.04 265
Rust 2007 (AUDPC) 2.78±1.04 318 3.86±1.60 352
Rust 2008 (AUDPC) 121.32±36.95 258 32.60±13.41 349
% Beetle damage 13.31±1.52 97 15.78±1.51 81
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significant interaction between taxon and location for lignin
content only (Supplemental Table 3). Based on pair-wise com-
parisons performed by Tukey’s studentized range test, only S.
viminalis × S. miyabeana genotypes (‘Otisco’ and ‘Tully
Champion’) had significantly greater lignin content at Tully.
Ash content was significantly greater at Belleville (Fig. 4).
Ash content was significantly different by genotype and loca-
tion, with an interaction between genotype and location
(p value<0.0001; Supplemental Table 2). Pair-wise compar-
isons showed, ‘SV1,’ ‘Allegany,’ ‘S25,’ 9832-49, ‘Oneida,’
‘Millbrook,’ and ‘SX61’ to have significantly greater ash
content at Belleville compared with Tully. In some cases,
ash content was over two-fold greater at Belleville. When
grouped by taxa, S. sachalinensis, S. miyabeana, and S.
sachalinensis × S. miyabeana had the greatest ash content
compared with the other taxa in this study, and S. purpurea
had the lowest ash content. The variability of ash content
among the willow genotypes was relatively high, with %CV
around 57 %, regardless of location (Table 4).
Wood Density
Wood density was significantly different between the two sites
(Fig. 5) and by genotype, but the genotype by site interaction
was not significant (Supplemental Table 2). Mean wood den-
sity at the Tully location was 0.43 g cm−3 and at Belleville was
0.40 g cm−3 (LSD00.006). ‘SV1’ had the greatest density at
each site among all genotypes (0.45 and 0.47 g cm−3). Anal-
ysis by taxa was also significantly different with no interaction
by site (Supplemental Table 3).
Fig. 2 Rust incidence (mean+
SE) on shrub willow genotypes
at Tully and Belleville, NY,
reported as area under the
disease progress curve
(AUDPC). Asterisks indicate
significant differences between
the two sites at p00.05. a Rust
incidence in 2006, b rust inci-
dence in 2007, and c rust inci-
dence in 2008
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Correlations Between Traits
There were correlations observed between cellulose content
and ash content and wood density at both sites (Table 5).
Ash content correlated with density only at Tully. There was
no correlation between yield and any of the wood traits.
Yield was correlated negatively with rust incidence at both
sites, but those correlations were stronger at Tully than at
Belleville. Principle component analysis determined that for
Tully 53 % of the variance was explained by PC1 consisting
of yield and rust. The same PC was identified at Belleville
and explained 43 % of the variance.
Discussion
Biomass Growth Potential
Of the 18 genotypes planted in the 2005 Yield Trials in Tully
and Belleville, NY, 13 were produced through controlled
pollinations conducted in 1998 and 1999. The performance
of these individuals at the two trial sites provides insight into
factors that may be limiting growth potential and can guide
future selection of new progeny. At the Belleville location,
new cultivars, ‘Fish Creek’ and ‘Onondaga,’ ranked higher in
yield than the top reference genotype, ‘SV1’ (Table 3). At the
Tully site, ‘SX61’was the top-yielding genotype, even though
many of the new genotypes had outperformed ‘SX61’ in the
2002 Selection Trial located in Tully, NY [8]. Both ‘Oneonta’
and ‘Canastota’ were in the top four, but did not surpass the
yield of ‘SX61.’ Prior trials of the new willow genotypes
produced in 1998 and 1999 have yielded 38 % more biomass
than the older reference cultivars [41]. In one trial, the top
individuals among the 1999 progeny had over a 120 % in-
crease in biomass yield relative to the reference cultivar, ‘SV1’
[7]. Based on these current yield data, improvements in the
selection process for yield are still warranted. The current
yield data do suggest a genotype × environment interaction
for biomass yield, which suggests that early selection on
multiple contrasting sites is necessary. For commercialization
purposes, elite high-yielding willow genotypes identified in
selection trials must be able to maintain exceptional perfor-
mance across a diversity of sites and environmental conditions
or can be selected for superior performance in specific
environments.
Our results reveal specific willow genotype × site inter-
actions for many of the phenotypic traits analyzed in this
study. However, some genotypes are plastic with regard to
environment. Most of the 18 genotypes used in this study
were able to produce high yield (above 9 Mg ha−1 year−1)
across both sites, regardless of the differences in soil con-
ditions, particularly the S. miyabeana hybrids (Fig. 1). How-
ever, there were six genotypes that had significantly greater
yield at Belleville, indicating that factors in Tully were
Fig. 3 Beetle damage
(mean + SE) observed on shrub
willow genotypes at both Tully
and Belleville, NY. Asterisks
indicate significant differences
between the two sites at p00.5
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limiting growth potential. It is clear that the two S. erioce-
phala genotypes, 9837-77 and 9832-49, had more rust dam-
age during the growing season in 2008 (Fig. 2), and with a
strong inverse relationship between rust incidence and yield,
the lower yields at Tully for these two could be due to rust
damage. The genotypes ‘SV1,’ ‘Fish Creek,’ ‘Onondaga,’
and ‘Allegany’ all had significantly greater yield at Belle-
ville, but no differential damage associated with rust inci-
dence or beetle damage was observed between the sites for
these genotypes. Less favorable conditions at Tully, such as
low pH, low nutrient availability, and/or lower water avail-
ability could be having an impact on these four specific
willow genotypes. In addition to greater yield at Belleville,
there was also greater variation in yield at Belleville com-
pared with Tully (Table 4). This may be partially due to the
blocking effect at Belleville. The field design for Belleville
positioned block four on the west side of the field trial,
which received a high amount of wind and snow damage
due to its proximity to Lake Ontario, reducing total yield for
that block. This would also explain the high variation
among plots in that block (Supplemental Tables 2 and 3).
Since shrub willows act as a wind and snow barrier [6], the
plots on the east side of block four were more sheltered.
Soil analysis revealed significant differences in pH, alumi-
num concentration, and nutrient availability (Table 2). The pH
at Tully (pH 5) was much lower than at Belleville with a pH of
6.5. Due to the lower pH at Tully, there was reduced P, K, Mg,
Ca, and NO3
− availability and elevated levels of Al. With
better soil conditions at Belleville, it is possible that the plants
were less stressed overall, reducing their susceptibility to pest
and disease damage. This may explain the weaker correlations
between yield and incidence of rust at Belleville, than at Tully.
With only two sites, it is difficult to determine the precise
environmental changes and conditions that impact yield and
the other phenotypic traits examined in this study. Analysis
and evaluation of a larger network of yield trials is forthcom-
ing and should provide details about soil conditions and
impacts on yield and growth conditions.
Fig. 4 Willow composition as percent dry weight (mean + SE) at
harvest after 3 years of growth at Tully and Belleville, NY, as deter-
mined by high-resolution thermogravimetric analysis. Asterisks
indicate significant differences between the two sites at p00.05. a
Cellulose, b hemicellulose, c lignin content, and d ash
Bioenerg. Res. (2013) 6:533–546 541
Table 5 Pearson correlation coefficients of phenotypic measurements for all 18 genotypes at each site
Phenotype % Hemicellulose % Lignin %Ash Density Yield Rust 2006 Rust 2007 Rust 2008
Tully
% Cellulose* 0.245 −0.204 −0.651 0.595 −0.361 0. 262 0.189 0.210
% Hemicellulose −0.469 −0.568 0.144 0.113 −0.057 −0.278 −0.248
% Lignin −0.133 0.345 −0.007 −0.095 0.102 0.080
% Ash −0.700 0.078 0.005 0.081 0.098
Density (g cm−3) −0.041 −0.056 −0.109 −0.104
Yield (Mg ha−1) −0.888 −0.880 −0.859
Rust 2006 (AUDPC) 0.888 0.888
Rust 2007 (AUDPC) 0.987
Belleville
% Cellulose −0.005 −0.268 −0.663 0.665 0.136 0.212 0.358 0.175
% Hemicellulose 0.245 −0.542 −0.233 0.022 −0.107 0.032 −0.114
% Lignin −0.385 0.077 0.133 −0.264 −0.392 −0.221
% Ash −0.437 −0.298 0.039 −0.086 0.049
Density (g cm−3) 0.422 −0.026 0.084 −0.037
Yield (Mg ha−1) −0.582 −0.304 −0.569
Rust 2006 (AUDPC) 0.395 0.993
Rust 2007 (AUDPC) 0.281
*Since compositional data and ash content were only determined for the first three replicate blocks, all correlations were based on only those three
replicates. Significant correlations (p value≤0.05) are indicated in bold
Fig. 5 Wood density
(mean + SE) of shrub willow
genotypes at harvest after
3 years of growth at Tully and
Belleville, NY.
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Rust Incidence and Beetle Damage and Specificity
Among the willow genotypes planted at Tully and Belleville,
S. eriocephala genotypes were the most susceptible to Mel-
ampsora infection (Fig. 2). This corroborates previous studies
that have shown that this North American native is susceptible
toMelampsora infection [42, 43]. Rust pathotypes and geno-
type resistance in the UK has been studied, but there is poor
understanding of theMelampsora pathotypes affecting willow
species in North America [39, 44–47]. Previous studies have
shown that Melampsora resistance is highly heritable and
has already been exploited in breeding for rust resistance
through hybridization with Salix schwerinii [44, 46, 48–50].
Wetter leaves might promote rust inoculation and growth.
However, there is no clear relationship between rainfall and
rust incidence. Our current study does validate the hypoth-
esis that rust susceptibility varies by species, and in this
case, the native North American species, S. eriocephala,
was highly susceptible to rust. The non-native species and
species hybrids showed much less or no rust. S. purpurea,
now naturalized in North America, and its hybrids, had low
incidence of rust. Breeding with non-native species should
reduce the number of new cultivars susceptible toMelampsora
infection.
In the current study, the genotypes identified with the
greatest damage from beetle feeding at both sites were
‘SV1’ and S. eriocephala genotypes 9837-77 and 9832-49
(Fig. 3). ‘S25’ was less damaged than the other two S.
eriocephala genotypes. All other genotypes had low levels
of damage across both sites, except for S. viminalis × S.
miyabeana genotypes, which had significantly greater leaf
damage at Belleville. ‘SV1’ was among the highest yielding
cultivars at Belleville, in spite of the high beetle feeding
observed. Though not practical in commercial production,
the application of pesticides to reduce beetle damage could
reveal the yield potential of ‘SV1’ and the degree of impact
this damage has on yield.
The beetle damage observed at both sites was most likely
due to the exotic Japanese beetle (based on beetle identifi-
cation in the field) and a lesser extent due to the other
willow beetles. Japanese beetles are generalist herbivores
that are deterred from feeding on leaves with high levels of
phenolic glucoside [51]. S. eriocephala has been character-
ized as producing little phenolic glucoside in leaves, but
instead produces condensed tannins, which could explain its
susceptibility to beetle damage observed in this study. The
foliar chemistry of ‘SV1’ has not been studied. Lehrman et
al. [52] identified a negative correlation between salicylate
concentration in leaves and larval performance of blue wil-
low beetle (Phratora vulgatissima L.). Further studies of the
concentrations and heritability of these phenolic compounds
in novel hybrids could help elucidate the underlying mech-
anism of resistance.
Genotypic Variation in Wood Physical Properties
Since efforts have been made to maintain high levels of
genetic diversity within the current breeding population of
shrub willow, phenotypic variation among the genotypes
studied in this analysis was expected to be high. The 18
genotypes used in this analysis by no means captures the
amount of variation in the entire willow collection [53] but
does provide an in-depth characterization of important phe-
notypic traits for their utility as a bioenergy crop. Biomass
composition in terms of percent cellulose, hemicellulose,
and lignin was comparable to what has been observed in
natural stands of poplar [9, 20, 54]. In general, there was
greater cellulose content in the samples from Belleville, but
lignin and hemicellulose content were remarkably consistent
between the two sites for most of the genotypes (Fig. 4). A
common phenomenon observed in cell wall manipulation
has been that a loss in lignin content can be compensated by
an increase in polysaccharide content, and the opposite
holds true as well [55, 56]. However, we did not observe
any correlation with lignin content and cellulose in this
study. An increase in cellulose content is observed in tension
wood and has been observed in straight stems in response to
other environmental factors such as water availability, soil
quality, and nitrogen fertilization [15, 57, 58]. With our
results, we can only speculate as to what environmental
factor contributed to the cellulose content at the two sites.
Ash content within the willow genotypes was variable
across both sites, with significantly greater content observed
at Belleville in seven of the genotypes (Fig. 4; Supplemental
Table 2). Ash content ranged from 0.5 % to over 4 % (the
highest observed at Belleville). For most woody species, the
bark portion contains significantly greater levels of ash
compared with the wood counterpart [59–61]. Bark propor-
tions and composition vary significantly among shrub wil-
low cultivars [10, 61, 62] and could have an impact on total
ash content in the biomass. In general, low ash content in
feedstocks is a highly favorable characteristic and improves
wood fuel quality. The S. purpurea genotypes and S. vim-
inalis × S. miyabeana hybrids maintain low ash across both
sites and can be considered as having high fuel quality for
thermochemical applications. The high ash content observed
in specific genotypes at Belleville may be related to nutrient
availability in the soil. There was a negative correlation
between ash content and both hemicellulose and cellulose
at both sites. If most of the ash in the biomass is being
contributed by the bark portion, this inverse relationship
with polysaccharide content can easily be explained by the
fact that willow bark contains significantly less polysacchar-
ides than the woody portion of the stem [10]. Breeding for
lower bark content may be beneficial if it provides lower ash
content, but consideration to the protective qualities of bark
must be made.
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Significantly greater wood density was observed at Tully,
compared with Belleville. Studies with populations of var-
ious fast-growing Populus species and hybrids have
revealed negative relationships between volume growth rate
and density [63, 64]. In Pinus radiata, a strong correlation
between wood density and cell wall thickness was observed,
in addition to a negative relationship between wood density
and radial growth rate [65]. An inverse relationship between
fiber cell size and wood density has also been observed,
indicating that slower volume growth rates lead to higher
density due to a reduction in cell size and an increase in cell
wall thickness [66, 67]. This highlights the need to include
density in any early measurements of stem volume when
biomass yield is the target trait for selection, since fast-
volume growth rates could be offset by lower density. A
positive correlation between cellulose content and wood
density was observed at both sites (Table 5), but overall,
lower wood density was observed at Belleville which also
produced greater yields. Density did not correlate with
yields in this study, which is similar to results from another
field trial of willow at Tully, NY [68]. An increase in
cellulose deposition into the cell wall has been associated
with thicker cell walls in response to nitrogen fertilization
[14]. This could explain a correlation between cellulose and
wood density at Belleville, which had greater soil N. High
wood density has also been associated with drought con-
ditions and aridity [67, 69]. The precipitation data for Tully
and Belleville indicate that Tully received more rainfall
during the 2006 and 2007 growing seasons than Belleville.
However, with a lower water table and a soil type charac-
terized by excessive drainage [36], it is likely that water
availability at Tully was lower than that at Belleville, result-
ing in greater wood density due to water-limiting conditions.
It is clear that more research needs to be done to evaluate
what regulates cell wall thickness, cell size, and wood
density and how these parameters may change with respect
to environmental changes.
The novel species hybrids generated through breeding, S.
sachalinensis × S. miyabeana, S. viminalis × S. miyabeana,
and S. purpurea × S. miyabeana, produced impressive
yields with strong pest and disease resistance. Differences
in yield among the genotypes were highly significant at both
locations, Belleville and Tully, with greater biomass produc-
tion on the Belleville site. These results highlight that early
selection of new high-yielding willow cultivars is best per-
formed across multiple sites. Yield was negatively correlated
with rust damage. Since the economics of willow production
and aim for maximum sustainability of this system will deter
growers from applying pesticides, breeding and selection for
resistance is imperative for long-term yield improvements. In
this study, there were no significant relationships between
yield and biomass compositional characteristics or wood
density, but these may be revealed through examination of a
broader diversity of Salix germplasm. Genotypes with low ash
content across both sites were identified, including ‘Fish
Creek,’ which had the greatest yield at Belleville. The strong
relationship between cellulose content and wood density is
intriguing and warrants further research to gain further insight
into cell wall development and wood formation in willow.
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